The complete spectrum of cb states is obtained in a phenomenological non relativistic quark model(NRQM), which consists of a confinement potential and one gluon exchange potential (OGEP) as effective quark -antiquark potential with coupled channel effects. We make predictions for the radiative decay (E1 and M1) widths and weak decay widths of cb states in the framework of NRQM formalism.
INTRODUCTION
The investigation of masses of cb states gives us an opportunity to obtain information on the nature of the strong interaction thereby it throws up an interesting issue and a tantalizing problem. Since the charmed bottom meson cb is an intermediate state of the cc and bb mesons, its analysis could give detailed information on the balance between perturbative and non perturbative effects. There are a good number of theoretical models that study leptonic, semi leptonic and hadronic decay channels of cb states. Using NRQM formalism we have already studied mass spectra and decay properties of cb meson. This work attempts to study the effects of coupled channels on cb masses and its decays in NRQM.
The NRQM formalism is found to provide systematic treatment of the perturbative and non perturbative components of QCD at hadronic scale. The masses of the cb states are predicted using NRQM whose parameters are tuned to produce the spectra of the observed charmonium and bottomonium states.
The paper is organized in 4 sections. In sec. 2 we give the description of our model in the theoretical background, the framework of the coupled-channel analysis and description of various decays. In sec. 3 we discuss the results and the conclusions are drawn in sec. 4 with a comparison to other models.
THEORETICAL BACKGROUND

The Hamiltonian
In our model we use the Hamiltonian which includes includes kinetic energy, confinement potential and one gluon potential (OGEP) [1] [2] [3] [4] .
where K is the kinetic energy part, V CONF is confinement potential that comes from the non perturbative treatment of QCD, V OGEP is the residual interaction from perturbative treatment of quark-antiquark system.
The Linear Confinement Potential
In literature different types of confinement potentials are chosen depending upon the unique features of the phenomenological quark model under consideration. They can be harmonic oscillator potential (V ∼ r 2 ) or logarithmic potential (V ∼ ln(r)) or linear potential (V ∼ r). We deem it fit to choose linear potential that represents non perturbative effect of QCD that explains quark confinement within the color singlet system [2, 3] .
where a c is the confinement strength, λ i and λ j are the generators of the color SU(3) group for the i th and j th quarks. Since confinement is of two body system we leave out the spinorbit contribution for it adds nothing practically to the interaction.
The Short Distance Behaviour
The one gluon exchange potential(OGEP) describes the short distance behavior. The central part of the two-body potential due to OGEP is [4] ,
where the first term represents the residual Coulomb energy and the second term is the chromo-magnetic interaction leading to the hyperfine splitting. σ i is the Pauli spin operator and α s is the quark-gluon coupling constant. The spin-orbit interaction of OGEP is given by,
The following tensor term [5, 6] is considered,
where,Ŝ
Coupled Channel Effects
The coupled channel effects (hadronic loop effects) have been neglected by most of the QCD inspired potential models in calculating the masses of mesons. The BD, B s D s etc., channels strongly couple to the cb states. These channels give rise to mass shifts both below and above BD meson pair creation threshold. Also above threshold these effects lead to the strong decay of B c meson. These effects in our calculation are introduced explicitly through the 3 P 0 pair creation model for the decay of meson A → B +C which was proposed by Micu and developed by Le Yaouanc et al and others [7] [8] [9] [10] . The main assumption of the model is that the strong decay of meson A takes place through the creation of a pair of quark and anti-quark from vacuum with quantum number J PC = 0 ++ . The created quark anti-qurak pair recombines with the quark and anti-qurak in the initial meson state forming final meson states i.e, mesons B and C. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
In the coupled channel model, the full hadronic state is given by [8] [9] [10] 
for open flavour strong decay A → BC. Here A, B, C denote mesons. The wave function |ψ obeys the equation
The Hamiltonian H for this combined system consists of a valence Hamiltonian H 0 and an interaction Hamiltonian H I which couples the valence and continuum sectors. The matrix element of the valence-continuum coupling Hamiltonian is given by [9, 10] 
where h f i is the decay amplitude. The mass shift of meson A due to its continuum coupling to BC can be expressed in terms of partial wave amplitude M LS [8, 10] 
10) The decay amplitude h f i can be combined with relativistic phase space to give the differential decay rate, which is
where in the rest frame of A, we have P A = 0 and P = | P B | = | P C |, and
Finally the total decay rate is given by [8, 10 ]
2.5. Decay Properties
Electric Dipole (E1) Transitions
The partial width for electric dipole (E1) transitions is given by
Here k 0 is the energy of the emitted photon and it is given by k 0 =
. α is the fine structure constant. Q b = 1/3 is the charge of the b quark in units of |e|, the statistical
, J, J ′ are the total angular momentum of initial and final mesons, l, l ′ are the orbital angular momentum of initial and final mesons and s is the spin of initial meson.
is the radial overlap integral which has the dimension of length, with R nl (r) being the normalized radial wave functions for the corresponding states.
Magnetic Dipole (M1) Transitions
The partial decay width for M1 transitions is [22] [23] [24] [25] [26] [27] [28] 
is the overlap integral for unit operator between the coordinate wave functions of the initial and the final meson states, j 0 (kr/2) is the spherical Bessel function, m b is the mass of bottom quark. J b is the total angular momentum of final meson state.
Weak Decays
Weak decays of B c meson plays a special role in our understanding of physics of the Standard Model and beyond. Various diagrams can contribute to the weak decays at the quark level. These are mainly a) Spectator quark, b) W-exchange, c) W-annihilation and d) Penguin diagrams. Due to the helicity and color considerations, the W-exchange diagrams are suppressed. Penguin diagrams are also expected to be small in strength. Hence the dominant quark level processes seem to be the process in which one of the quarks(anti-quark) behave like spectator and the W-annihilation [29, 30] . Using this picture, after evaluating the contributing diagrams we get the decay widths for a hadron containing a b quark or c quark as in eqns (18, 19 and 20) .
A rough estimate of the B c weak decay widths can be done by treating theb-quark and c-quark decays independently so that B c decays can be divided into three classes [31, 32] : (i)theb-quark decay with spectator c-quark, (ii) the c-quark decay with spectatorb-quark, and (iii) the annihilation B + c → l + ν l (cs, us), where l = e, µ, τ. The total decay width can be written as the sum over partial widths
In the spectator approximation:
and
In the above expressions V cb and V cs are the elements of the CKM matrix, G F = 1.16637 × 10 −5 is the Fermi coupling constant, m c and m b are the masses of c and b quarks respectively.
The decay of vector meson into charged leptons proceeds through the virtual photon (qq → l + l − ). The 3 S 1 and 3 D 1 states have quantum numbers of a virtual photon, J PC = 1 −− and can annihilate into lepton pairs through one photon. Annihilation widths such as cb → lν l are given by the expression where m i is the mass of the heavier fermion in the given decay channel. For lepton channels C i = 1 while for quark channels C i = 3|V| 2 .
The pseudo scalar decay constant f B c is defined by [33] 0|b
where k µ is the four-momentum of the B c meson. In the non relativistic limit the pseudo scalar decay constant is proportional to the wave function at the origin and is given by van Royen-Weisskopf formula [34]
Here ψ(0) is wavefunction at the origin.
Results and Discussion
Mass Spectra
The parameters used in our model are listed in Table 1 . We have fixed the parameters using the approach used in our earlier works [1, 3, 35] . We obtain the parameter b by minimizing the expectation value of the Hamiltonian i.e, We consider the mixing between 3 P 1 and 1 P 1 and also between 3 D 2 and 1 D 2 eigenstates due to the spin-orbit interaction terms. The mixing yields the B c mesons with J = 1 and J = 2 states P1, P1 ′ , D2 and D2 ′ . These states are in general represented as Table 3 shows the results for the masses of the cb states. The calculated masses are compared with other theoretical models and with available experimental data. Overall we obtain a good fit to the spectrum. The hyperfine mass splitting of singlet and triplet states m(n 3 S 1 ) − m( 1 S 0 ) can shed light on the spin dependence of the energy levels. We obtain a hyperfine splitting of 71 MeV which is in good agreement with the other theoretical models. This difference is justified by calculating the 3 S 1 − 1 S 0 splitting of the ground state which is given by
We predict a mass of 6853 MeV for the first radial excitation B c (2S) which is in good agreement with the experimental value 6842±4±5 MeV of B c (2S) [42] . The first radial excitation B c (2S) is heavier than B c (1S) by 577 MeV. The hyperfine splitting of 2S states is 28 MeV. The difference between the B * c (2S) and B * c (1S) masses turns out to be 534 MeV.
Decay Properties
The dominant multipole transitions E1 and M1 have been studied and this helps us to extract information about new meson states and discover them. Radiative transitions are very important and interesting because the charge structure of the mesons and their quantum numbers can be determined through these transitions. We consider E1 and M1 radiative transitions non relativistically for B c meson states. This potential model approach provides deatiled predictions which are further compared with experimental data. The possible E 1 decay modes listed in Table 4 are calculated and values of widths are given in the same. Though most of the predictions qualitatively agree with other theoretical models, some differ. These differences are due to different phase spaces arising from the different mass predictions. Wavefunction effects also play a major role in determining decay widths. The choice of 3 P 1 − 1 P 1 mixing angles in different models is also a cause for the significant difference between the theoretical models in case of transitions involving P1 and P1 ′ states.
The radiative M1 transition rates of B c meson states are calculated and the results are presented in Table 5 . The M1 decay widths for allowed transitions (n 3 S 1 → n ′1 S 0 + γ, n = n ′ ) have been calculated and are compared with other non relativistic quark models [33, 41, 43] . The decay widths of hindered transitions(n = n ′ ) are zero in the non relativistic limit due to the orthogonality of the initial and final state wave functions. The hindered M1 transition rates are enhanced in this model by incorporating relativistic effects to the wavefuncion. 9 We have calculated weak decay widths of B c meson. The decay widths are calculated using |V bc | = 0.044 [44] and |V cs | = 0.975 [44] . Calculated values of Γ 1 (b → X) is 9.628 × 10 −4 eV, Γ 2 (c → X) is 7.712 × 10 −4 eV and Γ 3 is 3.56 × 10 −6 eV. Adding these results we get the total decay width Γ(total) = Γ 1 + Γ 2 + Γ 3 = 18.104 × 10 −4 eV corresponding to a life time of τ = 0.364 ps. The values of decay constant in various theoretical models are listed in Table 6 and in Table 7 we compare the life time of B c meson calculated in our model with other models. The cb states which lie below BD threshold are stable against strong decays. However, the states which are above the BD threshold undergo two body strong decays. We have calculated strong decay widths of cb states which lie above the BD threshold using the equation (13) . The decay widths are calculated within the 3 P 0 pair creation model. The results are presented in Table 8 . 
Conclusions
From the study of mass spectra and decay properties of cb states using a non relativistic quark model with coupled channel effects we draw the following conclusions (1) Our results for mass spectra for cb states with coupled channel effects included for ground states agree within a few MeV, when compared to other theoretical models. For calculation of mass spectrum, the coupled channel effects are notably visible. (4) While calculating M1 hindered transition rates, we find relativistic effects play an important role. The zero rates of hindered transitions are due to wavefunction orthogonality. The inclusion of the relativistic effects may increase the values of hindered transition rates. (5) We find, our calculated E1 decay rates are in good agreement with the other theoretical model calculations. The differences found in decay rates are ascribed to differences in mass predictions, wavefunction effects and mixing angles. (6) Branching ratio for b-quark decays is 53% , for c-quark decays 42% and for annihilation channel it is 5% in estimating the weak decay widths. (7) The life time of cb state, f B c and strong decay widths predicted in this work are found to be in good agreement with experimental values as well as with other theoretical predictions.
The NRQM in this study has proven successful in describing B c meson properties. All the observed states can be successfully accommodated in our model.
